Nucleosomes contain $146 bp of DNA wrapped around a histone protein octamer that controls DNA accessibility to transcription and repair complexes. Posttranslational modification (PTM) of histone proteins regulates nucleosome function. To date, only modest changes in nucleosome structure have been directly attributed to histone PTMs. Histone residue H3(T118) is located near the nucleosome dyad and can be phosphorylated. This PTM destabilizes nucleosomes and is implicated in the regulation of transcription and repair. Here, we report gel electrophoretic mobility, sucrose gradient sedimentation, thermal disassembly, micrococcal nuclease digestion and atomic force microscopy measurements of two DNA-histone complexes that are structurally distinct from nucleosomes. We find that H3(T118ph) facilitates the formation of a nucleosome duplex with two DNA molecules wrapped around two histone octamers, and an altosome complex that contains one DNA molecule wrapped around two histone octamers. The nucleosome duplex complex forms within short $150 bp DNA molecules, whereas altosomes require at least $250 bp of DNA and form repeatedly along 3000 bp DNA molecules. These results are the first report of a histone PTM significantly altering the nucleosome structure.
INTRODUCTION
Eukaryotic DNA is organized into chromatin, which consists of nucleosomes containing $146 bp wrapped $1.65 times around H2A, H2B, H3 and H4 histone protein octamers (1) . This structure helps organize eukaryotic genomes within the cell nucleus and controls DNAprotein interactions to regulate DNA processing such as transcription, replication and repair. Nucleosome structure and function are regulated by a number of factors including histone posttranslational modifications (PTMs) (2) , chromatin remodeling complexes (3, 4) and histone chaperones (5, 6) .
Over 100 histone PTMs have been reported (7) . A majority of histone PTMs are located on disordered N-terminal histone tails, which appear to function by providing binding sites for additional protein complexes (8) and by impacting higher order chromatin compaction (9, 10) . A number of histone PTMs have been identified within the structured nucleosome core (11) , including 10-20 histone PTMs that have been identified within the DNA-histone interface (12) (13) (14) (15) . These are poised to directly alter DNA-histone interactions. Many of these modifications impact nucleosome stability, mobility and unwrapping (16) (17) (18) (19) (20) , demonstrating that histone PTMs can modulate nucleosome physical properties. Furthermore, lysine acetylation in the nucleosome dyad is reported to facilitate transcription in human cells by destabilizing nucleosomes (21) . These studies support an additional model of histone PTM function, in which modifications regulate transcription and DNA repair by directly controlling nucleosome stability and/or dynamics (22) .
There have been a number of nucleosome crystal structures solved with histone PTMs (23) and histone mutants, including H3(T118A), H3(T118I) and H3(T118H) (24, 25) , but none of these studies have demonstrated a significant impact of a single histone residue on the overall nucleosome structure. While these changes appear to influence the free energy of DNA-histone interactions, they have not been reported to alter the overall structure of the nucleosome.
Threonine 118 of histone H3 is located in the DNAhistone interface near the nucleosome dyad symmetry axis ( Figure 1A ) where significant DNA-histone interactions occur, and was determined by mass spectrometry to be a site of phosphorylation [H3(T118ph)] (12) . Genetic studies found that either a glutamic acid or alanine substitution for this residue is lethal in haploid yeast, while low-level expression of H3(T118E) and H3(T118A) resulted in defects in transcriptional silencing (27) . In addition, H3(T118I) is a SWI/SNF INdependent (SIN) mutation, where this substitution relieves the requirement of the SWItch/Sucrose NonFermentable (SWI/SNF) chromatin remodeling complex for mating type switching in budding yeast (28) , and either mutation H3(T118I) (29) or H3(T118H) (30) lowers the transcriptional barrier for Pol II. Our recent studies of single nucleosomes containing H3(T118ph) found that this phosphorylation dramatically enhanced nucleosome mobility, reduced DNA-histone binding and facilitated nucleosome disassembly by SWI/ SNF (20) . This suggested that phosphorylation within the DNA-histone interface significantly impacts nucleosome stability. In addition, we noted that an additional DNAhistone complex was detected by electrophoretic mobility gel shift assay (EMSA) following nucleosome reconstitution; in our previous studies, we purified these away by sucrose gradient centrifugation (20) .
Here, we report EMSA, sucrose gradient sedimentation, thermal disassembly, micrococcal nuclease (MNase) digestion and atomic force microscopy (AFM) measurements of these additional DNA-histone complexes that contain H3(T118ph). These measurements support a model in which phosphorylation of H3(T118) induces the formation of two alternate DNA-histone complexes that involve DNA wrapping around two complete histone octamers arranged edge-to-edge. We observe a 'nucleosome duplex' complex that involves two short DNA molecules wrapped around two histone octamers, and an 'altosome' complex that involves one DNA molecule wrapping around two histone octamers. We refer to these complexes as nucleosome duplexes and altosomes because of their similarity to structures formed by SWI/SNF chromatin remodeling (31) (32) (33) . We find that nucleosome duplexes form with short DNA molecules (147, 187 and 247 bp), whereas altosomes form only with DNA molecules longer than 247 bp and repeatedly form on 3 kb DNA molecules. These results suggest that phosphorylation within the nucleosome dyad can significantly impact nucleosome structure, which could play a role in the regulation of RNA transcription and DNA repair.
MATERIALS AND METHODS

DNA constructs
The mp2-147, mp2-187, mp2-192 and mp2-247 DNA molecules were prepared as previously described (34) from the pMP2 plasmid (35) . The 5S-147, 5S-187, 5S-192 and 5S-247 molecules were prepared by polymerase chain reaction from the plasmid p5S, in which the mp2 positioning sequence in pMP2 was replaced with the Lytechinus variegatus 5S RNA positioning sequence (36) . The 5SX-192, Pho5-N1, Pho5-N2 and Gal4-192 molecules were prepared from plasmids containing the Xenopus borealis 5S RNA positioning sequence (37), the Pho5 promoter containing the first (N1) and second (N2) nucleosome positions of the upstream activator sequence (UASg) (38) , and the Gal1-Gal10 UASg containing the nucleosome positioning sequence over the Gal4 binding site (39) , respectively. The 601-17mer array was prepared as previously described (16) .
Preparation of DNA-histone complexes
Nucleosomes, nucleosome duplexes and altosomes were prepared by salt double dialysis (34) . Purified histone octamer and DNA were mixed at a molar ratio of 1:1.25 for single nucleosome positioning sequence (NPS) templates, and at a mass ratio of 1:1.25 and 1:1.33 for 601-2mer and 601-17mer templates, respectively, in 2 M NaCl, 5 mM Tris, pH 8.0, 0.5 mM ethylenediaminetetraacetic acid (EDTA) and 1 mM benzamidine. Samples were dialyzed into 5 mM Tris, pH 8.0, 1 mM EDTA and 1 mM benzamidine and purified by sucrose gradient centrifugation (34) . Addition of 0.5 mM MgCl 2 was required to maintain stability during the purification of H3(T118ph) nucleosomes. H3(T118ph) was prepared by expressed protein ligation as previously described (20, 40) . Wild-type histones, H3(T118E), H2A(C0) and H4(C0), were prepared by recombinant expression in Escherichia coli and purified as previously described (41) .
Phosphatase treatment
Dependence of nucleosome duplex and altosome formation on H3(T118) phosphorylation was determined by treating unmodified or H3(T118ph)-containing HO with Antarctic phosphatase (AP; New England Biolabs). Octamers at 1 mg/ml were incubated with 4 U/ml AP in 25 mM Tris-HCl, 1 mM MgCl 2 , 0.1 mM ZnCl 2 , 1M NaCl, pH 8.0, at 37 C for 30 min. Reactions were quenched by addition of EDTA to 2.5 mM final concentration. Treated samples were desalted by ZipTip C18 (EMD Millipore) before assay by MALDI-TOF MS (Bruker Daltonics Microflex). Spectra were processed with Savitzky-Golay smoothing and peaks were picked using the Centroid algorithm in Bruker FlexAnalysis software; unprocessed data are shown in Figure 2 . Treated samples were used for nucleosome reconstitution with mp2-187 and mp2-247 DNA according to above protocols.
Fluorescence measures of relative histone and DNA content
The ratio of H2A/H2B heterodimer to DNA or H3/H4 tetramer to DNA of unmodified nucleosomes compared with H3(T118ph)-containing nucleosomes, nucleosome duplexes and altosomes were quantified using Cy5-labeled H2A, Alexa488-labeled H4 and Cy3-labeled DNA as follows. H2A(C0-Cy5) and H4(C0-Alexa488) were labeled before refolding into the histone octamer as previously reported (17) (Supplementary Figure S8A) . Labeling efficiency was 50-60% as determined by ultraviolet-visible absorbance and MALDI-TOF MS (data not shown); fluorescent histones from the same preparation were used to refold both H3(T118ph)-containing and unmodified octamer to control for labeling efficiency. Fluorescent octamer was reconstituted onto Cy3-endlabeled mp2-147, mp2-187 and mp2-247, resolved by 5% native polyacrylamide gel electrophoresis (PAGE) in 0.3Â Tris-borate-EDTA (TBE) at 20 V/cm, imaged on a Typhoon 8600 variable mode imager (GE Healthcare) and quantified using ImageQuant. Alexa488 fluorescence is resolved by 488 nm laser excitation and imaging with a 520 ± 20 nm bandpass emission filter; Cy3 by 532 nm excitation laser and 610 nm ± 20 nm emission filter; Cy5 by 633 nm excitation laser and 670 ± 20 nm emission filter. Reconstituted samples were verified for absence of fluorescence resonance energy transfer between the three fluorescent tags on a Fluoromax 3 spectrofluorometer (Horiba) (Supplementary Figure S8C) . To validate that the three fluorescent dyes are spectrally separable by the Typhoon imager, three different DNA molecules were end-labeled with Alexa488, Cy3 and Cy5 and resolved by native PAGE gel before imaging (Supplementary Figure S8B) .
Thermal disassembly
Purified nucleosome duplexes and altosomes containing mp2-187 or mp2-247 DNA were diluted to 50 nM in 20 mM Tris (pH 8.0) and heated at 53 C for 0 and 90 min. Reactions were quenched by transfer of 1 ml of the heated nucleosomes into 6 ml of 3% sucrose in 0.2Â TBE. Samples were analyzed by PAGE with 0.2Â TBE. The gel was pre-run for 3 h before running the samples for 3 h at 20 V/cm at 4 C with continuous buffer recirculation. Gels were imaged with a Typhoon 8600 variable mode imager (GE Healthcare) and quantified by ImageQuant.
Nap1 assembly
Unmodified and H3(T118ph)-containing nucleosomes were assembled from DNA and purified octamer by yNap1. His6-tagged yNap1 (generous gift from Toshio Tsukiyama) was expressed and purified as previously reported (42) . DNA at 12.5 ng/ml and HO at 12.5 ng/ml were incubated with 0-7.2 mM yNap1 dimer at 30 C for 60 min in 130 mM NaCl, 0.5 mM MgCl 2 , 7.5 mM Tris, pH 7.5, 0.25 mM EDTA, 0.25 mM dithiothreitol, 0.1 mg/ml bovine serum albumin, 2.5% glycerol, 0.01% NP40 and 0.01% Tween20. Reactions were then resolved by PAGE with 5% polyacrylamide and 0.3Â TBE at 20 V/cm at 4 C with continuous buffer recirculation.
Exonuclease III mapping
The nucleosome positions within the mp2-187 and mp2-247 DNA molecules were determined with Exonuclease III (ExoIII) mapping as previously reported (34) . Reactions were carried out in an initial volume of 50 ml with 10 nM nucleosomes and 50 U/ml of ExoIII (New England Biolabs) in 20 mM Tris, 0.5 mM MgCl 2 , pH 8.0, at 16 C.
MNase footprinting
Histone protection of the mp2-187 and mp2-247 DNA molecules was determined by MNase digestion. Reactions were carried out in an initial volume of 10 ml with 10 nM nucleosomes and 0-40 U/ml of MNase (New England Biolabs) in 20 mM Tris, pH 8.0, 0.5 mM CaCl 2 at 37 C to prevent H3(T118ph) nucleosome disassembly. After 20 min, reactions were quenched with 15 mM EDTA final concentration and resolved by PAGE. Gels were stained with SYBR Gold (Invitrogen) and imaged by a Typhoon 8600 variable mode imager (GE Healthcare).
AFM imaging
For imaging of mp2-147 and mp2-247, purified nucleosomes were fixed by dilution to 0.5 nM in 0.5Â Tris EDTA, 0.5 mM MgCl 2 and 0.01% glutaraldehyde and incubation on ice for 30 min; for 601-2mer and 601-17mer, purified arrays were diluted to 0.5 nM in 0.5Â Tris EDTA. Samples were then deposited on poly-D-lysine-treated mica surface as previously described (16) . Samples were imaged with a Dimension Icon with ScanAsyst SPM (Bruker) using Peak Force Mode and ScanAsyst Air tips (Bruker) with a scan rate of 1 Hz and 0.1 pN peak force. Images were processed and analyzed with Gwyddion 2.19 open source software.
RESULTS
EMSA analysis indicates that H3(T118ph) induces the formation of nucleosome duplexes and altosomes independent of DNA sequence
During our initial studies of the impact of H3(T118ph) on nucleosome stability and dynamics, we carried out nucleosome reconstitutions by salt dialysis (41) . In addition to canonical nucleosomes, we observed the formation of DNA-histone complexes with a significantly altered electrophoretic mobility, which sediment about two times further on a sucrose gradient than canonical nucleosomes ( Figure 1 and Supplementary Figure S1 ), consistent with the formation of a DNA-histone complex twice the size of a canonical nucleosome. We used sucrose gradient centrifugation to separate and purify canonical nucleosomes and these alternate complexes, which allowed us to characterize the impact of H3(T118ph) on the stability, mobility and remodeling of canonical nucleosomes (20) . Here, we have investigated the nature of these alternate mobility complexes that were consistently observed by EMSA of nucleosome reconstitutions carried out with H3(T118ph).
Alterations in electrophoretic mobility within polyacrylamide gels are sensitive to DNA length, DNA sequence and position of the histone octamer along the DNA molecule (43, 44) . To rule out DNA effects on the formation of these alternate mobility complexes, we first investigated the influence of DNA sequence on the electrophoretic mobility of these complexes. We reconstituted nucleosomes with either unmodified H3 or H3(T118ph) onto 192 bp DNA with six different NPS. We consistently observed low mobility bands form with each of the NPS, but only in reconstitutions carried out with H3(T118ph) ( Figure 1C ). This indicates that the DNA sequence is not responsible for the alteration in mobility or the formation of this low mobility complex, which we refer to as a nucleosome duplex (32) .
We also investigated the influence of DNA length on the formation of nucleosome duplexes by salt dialysis with 147, 187 and 247 bp DNA molecules containing a center-positioned mp2 ( Figure 1A , Supplementary Figure S1A ) or 5S (data not shown) NPS. The mp2 NPS is a variant of the 601 NPS (35, 45) . We found that the nucleosome duplex is formed irrespective of DNA length ( Figure 1D-F) . In addition, we observed an additional band in EMSA of samples prepared with 247 bp DNA molecules. This band has a faster electrophoretic mobility than center-positioned nucleosomes. However, although the electrophoretic mobility is similar to that of a depositioned nucleosome, this DNA-histone complex sediments through a sucrose gradient twice as far as canonical nucleosomes, similar to the nucleosome duplex (Supplementary Figure S1) . We refer to the high mobility complex as an altosome (31) based on the additional experiments discussed below.
Phosphorylation at H3(T118) is sufficient and necessary for nucleosome duplex and altosome formation H3(T118) phosphorylation could potentially alter nucleosome formation by generating a misfolded state of the histone octamer structure. To test this model, we treated refolded histone octamer containing H3(T118ph) with AP to remove the phosphate group from T118 within the folded histone octamer. The removal of the phosphate was confirmed by mass spectrometry (Figure 2A ). We find that reconstitutions with the dephosphorylated histone octamer ( Figure 2B and C) or with H3(T118E) ( Figure 1D and E) only formed canonical nucleosomes. This indicates that the phosphate group on H3(T118) is necessary and sufficient for the formation of nucleosome duplexes and altosomes.
The histone-DNA ratio of nucleosome duplexes and altosomes are different Different ratios of histone proteins within the protein core or relative to DNA within the nucleosome duplex and altosome could be an explanation for the altered electrophoretic mobility and sucrose gradient sedimentation.
To investigate this possibility, we used fluorescence to determine the ratio of H2A-H2B heterodimers and H3 2 -H4 2 tetramers relative to DNA molecules. We labeled H2A with Cy5 and H4 with Alexa488 using cysteine residues inserted at the N-terminus by site-directed mutagenesis. Histone octamers were refolded with fluorophore-labeled H2A and H4 and either unmodified H3 or H3(T118ph) (Supplementary Figure S8A) . Following gel filtration purification, nucleosomes were reconstituted with each labeled histone octamer and Cy3-labeled DNA.
The canonical nucleosomes, nucleosome duplexes and altosomes were analyzed by EMSA, and the fluorophore emissions were detected with a Typhoon scanner ( Figure 3A-C) . We confirmed that none of these complexes undergo fluorescence resonance energy transfer and that each fluorophore was spectrally separable (Supplementary Figure S8B and C) . We found that the canonical nucleosomes and nucleosome duplexes showed the same relative emissions ratio for H2A-H2B heterodimer: H3 2 -H4 2 tetramer:DNA, implying that nucleosome duplexes contain one intact histone octamer per DNA. In contrast, altosomes maintain an equivalent ratio of heterodimers to tetramer, but twice the ratio of H2A-H2B heterodimers and H3-H4 tetramers relative to DNA, equivalent to two intact histone octamers per DNA ( Figure 3D ).
Nucleosome duplexes are assembled by the Nap1 histone chaperone
Salt dialysis reconstitution is the most common approach to assemble nucleosomes in vitro (41). However, it remained possible that these altered structures might be an artifact of this experimental approach. Therefore, we used the histone chaperone Nap1 to assemble DNAhistone complexes with both unmodified H3 and H3(T118ph). Nap1 can deposit both H3 2 -H4 2 tetramers and H2A-H2B heterodimers to form nucleosomes in vitro (5,6). We found that deposition of unmodified histones onto mp2-187 by Nap1 results in nucleosomes that have the same electrophoretic mobility as nucleosomes formed by salt dialysis. EMSA of H3(T118ph)-containing complexes deposited by Nap1 onto mp2-187 results in bands with the same electrophoretic mobility as the canonical nucleosomes and the nucleosome duplexes formed by salt dialysis (Figure 4 ). This result demonstrates that this structure is not an artifact of salt dialysis assembly. We also carried out Nap1-mediated DNAhistone assemblies with mp2-247 DNA. We observe a band with the same mobility as altosomes formed by salt dialysis (Supplementary Figure S2) . However, Nap1 assembled unmodified depositioned nucleosomes with similar electrophoretic mobilities to altosomes. Therefore, our data are consistent with altosome formation by Nap1, but we could not explicitly rule out that the band was a depositioned nucleosome.
Nucleosome assembly or disassembly is an equilibrium process that sets up a competition between histone-DNA complexes and histone-Nap1 complexes. The dependence of nucleosome duplex formation on Nap1 concentration can therefore be used as a measure of stability. We find that a significantly lower concentration of Nap1 is required to disassemble canonical nucleosomes when H3(T118ph) is present than when H3 remains unmodified. In fact, while 1.8 mM Nap1 is sufficient for the formation of positioned canonical nucleosomes both with and without H3(T118ph) ( Figure 4A and B and Supplementary Figure S2A and B), an increase in Nap1 concentration to !3.6 mM maintains well-positioned unmodified canonical nucleosomes while H3(T118ph) structures disassemble ( Figure 4C and Supplementary Figure S2C) . Second, H3(T118ph)-containing canonical nucleosomes, nucleosome duplexes and altosomes all disassemble at similar concentrations of Nap1 ( Figure 4C and Supplementary Figure S2C ). This suggests that the nucleosome duplexes and altosomes containing H3(T118ph) have a similar stability to canonical nucleosomes containing H3(T118ph), and that the stability of these complexes is dependent on H3(T118) phosphorylation. These results are compatible with our prior studies of H3(T118ph) canonical nucleosomes (20) .
Nucleosome duplexes and altosomes have different thermal stabilities and DNA footprints
We previously found that H3(T118ph) alters the thermal stability and mobility of canonical nucleosomes (20) . Therefore, we investigated the stability of nucleosome duplexes to thermal disassembly by incubating them at 53 C and characterizing the products by EMSA. We find that nucleosome duplexes converted to canonical nucleosomes following 30-min incubation at 53 C irrespective of DNA length ( Figure 5A and B and Supplementary Figure S3 ). In contrast, the electrophoretic mobility of altosomes did not change after incubation at 53 C, and we did not observe any separation of altosomes into canonical nucleosomes or free histones and naked DNA ( Figure 5C and D) . This suggests the altosome species is thermally stable. However, it should be noted that EMSA would not necessarily separate altosome species in which wrapping subtly changed and that the separation of one altosome into two canonical nucleosomes would require acceptor DNA.
These thermal disassembly studies suggest that nucleosome duplexes contain miswrapped nucleosomes that 0 endlabeled DNA with Cy3 (green), Alexa488-labeled H4(C0) (blue) and Cy5-labeled H2A(C0) (red); H3(T118ph) in yellow. The histone tails are flexible and largely unstructured. EMSA of (B) Cy3-labeled mp2-187 and (C) Cy3-labeled mp2-247 DNAs reconstituted with fluorescent-labeled unmodified and H3(T118ph) HO. Each EMSA gel was imaged by the Cy3-DNA label (left, excitation at 532 nm, emission at 610 ± 10 nm), Alexa488-H4 label (middle, excitation at 488 nm, emission at 520 ± 10 nm) and Cy5-H2A label (right, excitation at 633 nm, emission at 670 ± 10 nm). (D) Fluorescence ratio of two fluorophore-labeled components (blue, Cy5-H2A versus Cy3-DNA; orange, Alexa488-H4 versus Cy3-DNA; pink, Cy5-H2A versus Alexa488-H4) for H3(T118ph) canonical nucleosomes (Nuc), nucleosome duplex (ND) and altosomes (Alto) species relative to the same two fluorophore-labeled components of the unmodified nucleosome species for each indicated DNA length in base pairs. Error bars are the standard deviation of three independent reconstitutions. convert to correctly wrapped nucleosomes upon heating to 53 C. To investigate these species, we determined the DNA footprint of nucleosome duplexes and altosomes with MNase digestion (Supplementary Figure S4) and ExoIII nucleosome mapping (Supplementary Figures S5  and S6) . By each approach, we find that the nucleosome duplex containing H3(T118ph) on 187 bp DNA had a base pair footprint that is similar to the 147 bp footprint of canonical nucleosomes both before and after 30 min at 53 C. In contrast, the DNA-histone complexes formed with H3(T118ph) on 247 bp DNA molecules, which contain both nucleosome duplexes and altosomes after sucrose gradient purification, had both a 147-and 247-bp DNA footprint and increased protection from digestion when compared with canonical nucleosomes formed with unmodified H3 or H3(T118ph) on 247 bp DNA. We confirmed by EMSA that both the nucleosome duplexes and altosomes did not disassemble under the conditions of the digestions (data not shown). These results suggest that the nucleosome duplexes contain DNA that is wrapped around the histone octamer similarly to nucleosomes, while the altosomes contain a DNA organization that appears to be distinct from nucleosomal DNA organization, with a larger DNA footprint.
AFM images of the nucleosome duplexes and altosomes reveal they have twice the volume as canonical nucleosomes
The observation that both nucleosome duplexes and altosomes sediment twice as far within a sucrose gradient as canonical nucleosomes suggests the mass of the particles could be larger than a canonical nucleosome. To investigate the size of nucleosome duplexes and altosomes, we used AFM. We prepared by sucrose gradient purification unmodified nucleosomes, canonical nucleosomes containing H3(T118ph) and a mixture of both nucleosome duplexes and altosomes with mp2-247 DNA (Figure 6 ) or only nucleosome duplexes with mp2-147 (Supplementary Figure S7) DNA. Because nucleosome duplexes and altosomes sediment similarly through sucrose gradients, they could not be separated and were therefore imaged together by AFM.
Following AFM imaging of these complexes, we quantified the average area and height of $200 particles of each sample type. Analysis of these images demonstrated that the height distribution of unmodified canonical nucleosomes, H3(T118ph) canonical nucleosomes, nucleosome duplexes and altosomes with either mp2-247 or mp2-147 had a maximum of $3 nm. This is the canonical mononucleosome height measured by AFM (46) . In contrast, we found that the area distribution maximum of nucleosome duplexes and altosomes with mp2-247 was twice as large as both unmodified and H3(T118ph)-containing canonical nucleosomes with mp2-247 ( Figure 6 ). In addition, the area distribution of the nucleosome duplexes with the mp2-147 DNA molecule had two peaks (Supplementary Figure S7) . The larger area peak maximum was approximately double the area distribution maximum of canonical nucleosomes. The smaller area peak maximum was equal to the canonical nucleosome distribution maximum. We attribute this second peak to canonical nucleosomes generated by the destabilization of the nucleosome duplexes when they are diluted for AFM imaging, similar to the thermal destabilization observed by EMSA. The observation that nucleosome duplexes and altosomes are the same height and twice the area of canonical nucleosomes implies that the volume of these complexes is double that of canonical nucleosomes. We also found that the shapes of the nucleosome duplexes and altosomes were elliptical, while canonical nucleosomes containing either unmodified H3 or H3(T118ph) were circular.
These results, combined with our observation that nucleosome duplexes can be converted to canonical nucleosomes by heat and contain equal numbers of DNA molecules and histone octamers, suggest that the nucleosome duplexes contain two DNA molecules and two histone octamers, where the two DNA molecules partially wrap around each of the histone octamers. In contrast, the AFM analysis of altosomes combined with the observations that altosomes cannot be converted to canonical nucleosomes, that they have an increased DNA footprint and that they contain twice as many histone octamers as DNA molecules suggests that the altosomes contain one DNA molecule wrapped around two histone octamers. Altosomes form on 3000 bp DNA molecules
Our observation that increasing the DNA length to 247 bp allowed for two histone octamers to form on one DNA molecule raised the question of whether a further increase in DNA length would result in larger complexes. Therefore, we reconstituted nucleosomes with unmodified H3 or H3(T118ph) on two different extended DNA constructs: either a 364 bp DNA molecule containing two 601-like NPSs (2-mer array, Supplementary Figure S7F ), or a 3-kb DNA molecule that contained a tandem repeat of seventeen 601-like NPSs (16) (17-mer array, Supplementary Figure S1A) . We analyzed the DNAhistone complexes by AFM. For the 2-mer arrays, we observed two nucleosomes with dimensions similar to mononucleosomes with unmodified H3, but only one DNA-histone complex that was significantly larger than a single nucleosome when H3(T118ph) was used (Supplementary Figure S7G and H) . For the 17-mer arrays, we used limiting amounts of histone octamer with a ratio of 1 histone octamer to 2 NPS to prevent aggregation. As anticipated, we find that nucleosomes formed with unmodified histone octamers have dimensions similar to mononucleosomes ( Figure 6F ). In contrast, the 3-kb DNA molecule reconstituted with H3(T118ph)-containing histone octamer forms numerous DNA-histone complexes that are significantly larger than single nucleosomes ( Figure 6G ). Interestingly, compared with unmodified H3, fewer H3(T118ph) complexes formed per DNA molecule. This confirms that the altosome structures are not restricted to short DNA segments, and suggests that the altosomes that form on mp2-247 DNA molecules can also form on significantly longer DNA molecules.
DISCUSSION
We find that H3(T118ph) significantly influences DNA wrapping around the histone octamer. We observe two types of altered DNA-histone complexes: a nucleosome duplex with low electrophoretic mobility, and an altosome with a high electrophoretic mobility. However, there are key differences between the nucleosome duplex and the altosome. The nucleosome duplex has the same ratio of histone octamer to DNA, has the same DNA footprint as canonical nucleosomes and can convert to canonical nucleosome when heated. In contrast, the altosome contains two equivalents of histone octamer per DNA, has a larger DNA foot print compared with canonical nucleosomes, and is thermally stable compared with the nucleosome duplex. Both complexes have a similar height but are twice the volume relative to canonical nucleosomes, and have an elliptical shape. We conclude that the nucleosome duplex contains two histone octamers positioned side by side with two DNA molecules wrapped around the two histone octamers, and that the altosome contains one DNA molecule wrapped around two histone octamers in a similar configuration (Figure 7 ). While nucleosome duplexes containing H3(T118ph) convert to canonical nucleosomes, H3(T118ph) containing altosomes do not. This suggests that the altosome structure containing H3(T118ph) is energetically favorable relative to canonical nucleosomes containing H3(T118ph), or is kinetically trapped in that altosome state. This work appears to represent the first direct demonstration of a single histone PTM causing a large alteration in nucleosome structure.
The DNA-histone interactions near the nucleosome dyad contribute significantly to nucleosome stability (34) , with implications for nucleosome assembly and disassembly (16, 21) . Our results suggest that in addition to an impact on nucleosome stability, modified contacts within the dyad region can influence nucleosome structure. The DNA phosphate backbone is within 3 Å of the side chain hydroxyl of H3(T118) (26) , such that the addition of a phosphate at this residue could introduce a strong electrostatic repulsion between the phosphate on the threonine and the DNA phosphate, in addition to a steric conflict between the protein and DNA phosphate moieties. The alternate structures are stabilized by submillimolar concentrations of Mg that recruitment of a metal ion by phosphothreonine could further alter local contacts in this region. In prior work, we demonstrated a dramatic destabilization of canonical nucleosomes bearing this phosphate modification (20) . Notably, a Thr to Glu substitution is insufficient to replicate the effects of phosphothreonine on either canonical nucleosome destabilization in our prior studies, or the formation of nucleosome duplexes and altosomes observed here, suggesting that electrostatic effects are not sufficient and the steric effect or other specific properties of the side chain phosphorylation are necessary.
Our results suggest that in the nucleosome duplexes and altosomes, electrostatic and steric clash between the phosphothreonine side chain and the DNA is avoided by partial wrapping of the DNA around two separate histone octamers aligned edge-to-edge. For short DNA molecules, our results suggest that two DNA molecules are required to maintain DNA-histone contacts, while DNA molecules of $250 bp and longer can do this with one DNA molecule ( Figure 7 ). As the DNA extends from one octamer to the other the DNA could remain on the outside of the complex ( Figure 7A ) or could cross between octamers ( Figure 7B ). The complexes that do not involve DNA crossing are not topologically constrained and reduce potential steric interactions between DNA stands. Therefore, we anticipate that complexes without DNA crossings to be energetically preferred.
Alternate large DNA-histone complexes have previously been observed in vitro. Chromatin remodeling by SWI/SNF and Remodels the Structure of Chromatin (RSC) can result in nucleosome disassembly or sliding, but also in persistent altered histone-DNA particles (31) (32) (33) (47) (48) (49) . Remodeling of single nucleosomes results in the formation of a nucleosome duplex that has similar characteristics to the nucleosome duplex formed with H3(T118ph) (31, 33) . Nucleosome arrays formed with longer DNA molecules can be converted by SWI/SNF to arrays of structures termed as altosomes that contain one DNA molecule wrapped around two histone octamers (31) . AFM images of altosomes formed by chromatin remodeling appear to be similar to the structures formed with H3(T118ph) (50) such that we categorize the altered structures that we observe as altosomes, although their formation is not dependent on chromatin remodeling activity. The in vivo role of altosomes remains unclear, with competing views of these structures as kinetic intermediates (51, 52) or as functional products of SWI/SNFinduced chromatin remodeling, for example, with altered DNA site exposure to transcription factor binding (32) . In this context, the thermal stability of H3(T118ph) altosome structures ( Figure 5 ) stands in contrast to the increased rate of H3(T118ph) nucleosome disassembly by SWI/SNF in our previous studies (20) .
Dinucleosome-like particles have also been reported to form by manipulating the DNA sequence to overlap two strong NPS by 44 bp to simulate invasion of a neighboring nucleosome, for example, during chromatin remodeling (53) . These cylindrical particles contain two H3/H4 tetramers, but only three H2A/H2B heterodimers, protect $250 bp of DNA and are thought to stack histone octamers face-to-face with an extended superhelical DNA wrapping to generate a cylindrical particle. However, these structures are structurally distinct from nucleosome duplex and altosomes structures formed by either chromatin remodeling or H3(T118ph).
Currently, the in vivo functions of histone PTMs near the nucleosome dyad are not well understood. Acetylation of H3(K115) and H3(K122), histone PTMs known to occur in vivo (12) near the nucleosome dyad, has been shown to destabilize nucleosomes in vitro (16, 34) . Following these reports, it was then found that nucleosome destabilization by H3(K122) is a significant regulator of transcription (21) , demonstrating an in vivo function of nucleosome dyad modifications. Interestingly, mass spectrometry indicates that H3(T118ph) occurs with H3(K122) acetylation (12) . These studies combined with our results suggest that H3(T118ph) could function with H3(K122) acetylation to destabilize the nucleosome structure and form altosomes to regulate transcription. Recent reports suggest that acetylation of the centromeric H3 homolog CENP-A at K124 in the dyad is correlated with conversion of octameric nucleosomes in the centromere to a four-histone hemisome structure, which is hypothesized to play a role in regulation of DNA replication (46) . Taken in aggregate, these studies hint at major roles for the dyad region in regulating aspects of nucleosome structure. However, in vivo studies similar to the report on H3(K122) acetylation (21) will be required to determine the physiological function of H3(T118ph).
There are four additional histone residues within the DNA-histone interface that have been identified as phosphorylation sites (12) (13) (14) (15) . To date, there is little understanding of these buried phosphorylations. Future studies will be required to determine whether these additional histone PTMs impact nucleosome structure similarly to H3(T118ph) and how these modifications function in vivo. Our studies here indicate that phosphorylation in the DNA-histone interface have the potential to significantly impact nucleosome structure and DNA wrapping.
